ABSTRACT We have constructed primed OX174 DNA templates containing either acetylated or deacetylated aminofluorene adducts at the C-8 position of guanine. T4 DNA polymerase terminates synthesis one nucleotide before the acetylated adducts but incorporates an additional nucleotide opposite the deacetylated guanylaminofluorene. These observations can be explained by the known preferred conformations ofthe acetylated and deacetylated guanosinylaminofluorene nucleosides-the former favoring the syn conformation (so that in DNA the guanine is displaced from the helix by the fluorene ring) and the latter preferring the anti conformation (which allows normal base pairing of the guanine with cytosine). A similar differentiation between the two adducts was found with Escherichia coli DNA polymerase I. In contrast, avian myeloblastosis virus (AMV) reverse transcriptase, which terminated with a nucleotide inserted opposite the acetylated adducts, was less able to do so at the deacetylated adducts. The nucleoside incorporated by AMV reverse transcriptase opposite the acetylated adduct was exclusively cytidine, which suggests regular base pairing with the reacted guanosine nucleoside in the anti conformation; however, synthesis was completely blocked and unable to continue beyond this point. The differences between the termination patterns of the prokaryotic enzymes and AMV reverse transcriptase indicates that specific properties of a replicating polymerase can influence the conformation of a reacted nucleoside in the DNA, thus altering its recognition and possibly its mutagenic activity.
placed out of the helix (10, 11) . On the other hand, it has been shown that the deacetylated C-8 adduct causes much less distortion of the DNA helix, has a reduced tendency for the fluorene ring to base stack, and could exist in the normal anti conformation of the nucleoside with the fluorene located in the major groove of the helix (12, 13) . These differences are reflected in the biological effect of these compounds as can be seen in the Ames test, where deacetylation greatly increases the yield of frameshift mutants (14) .
We have shown that on single-stranded 4X174 DNA treated with N-acetoxy-AAF, synthesis by a number of DNA polymerases terminates upon encountering guanine-AAF adducts (15) . With some enzymes-e.g., T4 DNA polymerase and Escherichia coli DNA polymerase I (Pol I)-synthesis terminates at the nucleotide before a reacted guanine; however, with avian myeloblastosis virus (AMV) reverse transcriptase, an additional nucleotide is inserted opposite the adduct (15) . Substituting
Mn2" for Mg2+ as divalent cation with Pol I also resulted in a nucleotide being inserted opposite the reacted guanine, although this insertion appeared to be different from that observed with AMV reverse transcriptase (15) . To interpret these observations and their relevance to mutagenicity, we studied termination ofsynthesis at both acetylated and deacetylated AF adducts and characterized the specificity ofnucleotide insertion opposite the acetylated C-8 adduct. Our results indicate that a change in the conformation of a DNA-carcinogen adduct can alter the position of termination of DNA synthesis, and also that a DNA polymerase molecule may interact with the adduct, influencing the conformation adopted by the damaged nucleoside.
MATERIALS AND METHODS Enzymes. Pol I lacking 5' -* 3' exonuclease was purchased from Boehringer Mannheim. T4 DNA polymerase and restriction endonuclease Hae II were purchased from Bethesda Research Laboratories. AMV reverse transcriptase was provided by J. W. Beard.
DNA. The preparation of 4X174 DNA and the construction of templates have been described (16, 17) . Reaction Proc. Natl. Acad. Sci. USA 79 (1982) 7167 ra crassa endonuclease (24 units/ml for 18 hr), DNase I (200 Ag/ml for 3 hr), alkaline phosphatase (10 units/ml for 3 hr), spleen phosphodiesterase (0.6 units/ml for 1 hr), and snake venom phosphodiesterase (500 /Lg/ml for 18 hr). The hydrolysate was loaded onto a 0.8 x 20 cm Sephadex LH-20 column in 10 mM (NH4)2CO3, which was then washed with 40 ml ofthe same buffer, and then the modified nucleosides were eluted with 35% ethanol/lO mM (NH4)2CO3. Fractions were collected, and the radioactivity was assayed in Aquasol. TLC was as described by King and'Phillips (9) .
DNA Polymerase Reactions and Polyacrylamide Gel Electrophoresis. DNA polymerase reactions on modified templates and electrophoresis of the products was as described (15, 17) . Usually reactions contained 0.2 units of Pol I, 2.5 units of T4 DNA polymerase, or 6 units ofAMV reverse transcriptase with 0.05 Ag ofAAF-modified DNA or 0.1 Ag ofAF-modified DNA.
Quantitation of termination by AMV reverse transcriptase on AAF-modified DNA was essentially as described (16) . In this experiment, the amount of enzyme used was varied from 1.9-19 units per reaction without any alteration in the amount of termination observed. In order to uniformly label each synthesized fragment, a primer was chosen so that there was a region of 22 nucleotides before the first adenosine in the template. Synthesis was carried out up to this site in a mixture containing a-32P-labeled dATP, dCTP, and dGTP (each at I ,M, 400 Ci/ mmol) but no TTP. Synthesis was then allowed to continue to the sites of adducts by addition of all four unlabeled dNTPs to 50 AM. The autoradiograms resulting from these reactions were scanned through a region containing 16 guanines with a Gilford 250 spectrophotometer, and the intensities of the bands were determined by integration on a Varian CDS401 computer. The theoretical curve for the cumulative amount of termination, assuming each adduct is a complete block, was calculated as (1 -pn)/(l _ p16), where n is the position of successive guanines and p = (1 -q), q being equal to the average number of adducts per guanine; in this template with 210 adducts per 4X174 molecule, q = 0.167.
In order to determine the specificity of nucleotides inserted opposite the guanyl-AAF the reactions were carried out in two stages. In the first reaction, synthesis was carried out in a normal reaction mix containing 2.5 ,ug of AAF-treated template with 12.5 units ofT4 DNA polymerase and all four [a-32P]dNTPs at 400 Ci/mmol. The radioactive DNA was then purified by ethanol precipitation and gel filtration on a 1-ml Sephadex G-50 column. The DNA was then treated in bulk with restriction endonuclease Hae II, and aliquots were taken for reaction with AMV reverse transcriptase as described in the text.
RESULTS
Distribution of Adducts in 4X174 DNA. Because the distribution of adducts formed by N-acetoxy-AAF was only known for double-stranded DNA, a sample of 4X174 single-stranded DNA was treated with N-acetoxy-AAF and enzymatically hydrolyzed to nucleosides, and the products were analyzed by chromatography on Sephadex LH20. When double-stranded calf thymus DNA that had been treated with N-acetoxy-AAF was analyzed ( Fig. 1) , four radioactive peaks were eluted from the column in 35% ethanol. The major peak, at 92 ml, was eluted at the position expected for the C-8 guanosine-AAF adduct (1) , N-(deoxyguanosin-8-yl)-AAF, and its identity was confirmed by TLC together with an authentic marker. From their elution volumes, the peak at 74 ml was identified as the N-2 guanosine-AAF adduct (1) , N-(deoxyguanosin-N2-yl)-AAF, and that at 140 ml as the deacetylated C-8 guanosine-AF adduct (18) , N-(deoxyguanosin-8-yl)-AF. The fourth peak, at 55-60 ml, did not correspond to any of the identified deoxyguanosine adducts but may be one of the ring-opened decomposition products of the C-8 deacetylated adduct (18, 19) . Analysis ofthe adducts formed in single-stranded 4X174 DNA ( Fig. 1 ) revealed a similar distribution of radioactivity except that there was no peak corresponding to the N-2 guanosine-AAF adduct. The radioactive counts in this region of the eluate were less than 1.5% of the total. Approximately 3% of the radioactivity derived from the C-8 adduct was in the deacetylated form, and a further 7% was in the unidentified hydrolysis product.
Termination of DNA Synthesis. Sites of termination at AF or AAF adducts were determined on 4X174 DNA reacted either with N-acetoxy-AAF or fluorenylhydroxylamine. Reaction of DNA with fluorenylhydroxylamine produces only the unacetylated N-(guanin-8-yl)-AF adduct (9, 20) . Treatment of 4X174 single-stranded DNA with fluorenylhydroxylamine produced a template containing =20 AF adducts per molecule. The N-acetoxy-AAF treatment resulted in 210 AAF adducts per molecule.
Templates were primed with purified Hae II restriction fragments and the products of synthesis were analyzed on DNA sequence determination gels (17) . As shown before (15) Lanes A, C, G, and T are the sequence standards generated with dideoxyadenosine 5'-triphosphate, 1-(3-narabinofuranosylcytosine 5'-triphosphate, and dideoxyguanosine and -thymidine 5'-triphosphates, respectively. Synthesis on native, unreacted DNA templates with AMV reverse transcriptase (AMV), Pol I, and T4 DNA polymerase (T4) as described above are in the-three right lanes. The numbers on the left side correspond to the position of possible guanine-AF adducts (marked by asterisks in the sequence below). The template sequence for the above stretch of DNA is: 20 25 30
The numbering is from the Hae II restriction site.
nucleotide inserted opposite the guanine-AAF adducts (Fig. 2) . (16) . In this study, we measured the amount of termination by AMV reverse transcriptase on an AAF-containing template primed with Hae II fragment 3 through a series of 16 guanines (Fig. 3) . Failure to terminate absolutely at each adduct would result in data that fell below the theoretically calculated dashed line; thus, it can be seen that AMV reverse transcriptase as well as Pol I is completely blocked at guanine-AAF adducts. Because the success of this method depends on there being more than one adduct per template molecule in the region scanned, the smaller number of adducts on the deacetylated template precludes a similar analysis for guanine-AF adducts.
Identity of Inserted Nucleotides. In order to determine the specificity of the nucleotide inserted opposite guanine-AAF adducts, the polymerization reaction was carried out in two stages. In the first stage, synthesis on N-acetoxy-AAF-reacted DNA primed with Hae II fragment 4 was carried out by T4 DNA polymerase that terminates cleanly at the position before the guanine adducts (15). The product DNA was then isolated and purified free ofunincorporated nucleotides by gel filtration on a 1-ml Sephadex G-50 column. In the second stage of the reaction, aliquots of the DNA were incubated with AMV reverse transcriptase with either a single deoxynucleoside triphosphate or mixtures ofthree, and the products were analyzed on a sequence gel (Fig. 4) . In, the absence of a second polymerization step, termination bands were found one nucleotide before the sites of the guanine-AAF adduct, whereas reaction with AMV reverse transcriptase and all four deoxynucleoside triphosphates led to incorporation ofan extra nucleotide. When added individually or in mixtures of three nucleotides, elongation only occurred in those reactions where deoxycytidine triphosphate was present. A similar experiment on AF-reacted DNA, with T4 DNA polymerase in the second stage and single deoxynucleoside triphosphates, resulted in the degradation of the DNA back to the last complementary nucleotide (due to the 
DISCUSSION
In contrast to double-stranded DNA, where up to 15% of the adducts are formed at the N-2 position of guanine (1) On the AAF-containing template, termination of DNA synthesis occurs predominantly or exclusively one nucleotide before the site ofa guanine adduct for Pol I or T4 DNA polymerase, but with AMV reverse transcriptase, deoxycytidine is inserted opposite. With the deacetylated template, all three enzymes are able to insert a nucleotide opposite the adduct to varying degrees. The variation in the position of termination observed with the fluorene-treated templates is probably a property unique to these lesions because reaction at the C-8 position of guanine does not affect the ability to form the hydrogen bonds necessary for base pairing, but the deoxyguanosine-fluorene adducts are able to exist in either the syn or anti conformation in the DNA (12, 13) . In the syn conformation, the fluorene residue is inserted into the helix ofdouble-stranded DNA, whereas, in the alternative anti conformation, the fluorene ring is located in the major groove, with the guanine able to hydrogen bond normally to a cytosine in the complementary strand (13) .
Although the acetylated adduct prefers the syn conformation with the fluorene ring stacked in the helix ofthe DNA, deacetylation allows an intramolecular hydrogen bond between the 8-NH and the sugar 5' oxygen stabilizing the nucleoside in the anti conformation (12, 13) . At the site ofelongation of DNA synthesis on a single-stranded template, where the DNA is in transition from the single-stranded to the double-stranded form, the precise geometry is unknown; however, we expect that a deoxyguanosine adduct in the syn conformation would prohibit incorporation of a properly base paired nucleotide opposite it, whereas in the anti conformation, hydrogen bonding with cytosine should be possible. The specificity ofAMV reverse transcriptase for incorporating deoxycytidine opposite guanyl-AAF suggests that, in this particular situation, the reacted nucleoside is in the anti conformation. From the reported preference of the deacetylated guanyl-AF for the anti conformation (12, 13) , we might expect that, in those cases where synthesis terminates opposite, the base incorporated is also cytosine. In contrast, substitution of Mn2+ for Mg2+ in reaction mixtures for Pol I (but not T4 DNA polymerase or AMV reverse transcriptase) can result in non-base-pairing directed nucleotide insertion at guanyl-AAF lesions in a reaction that may be related to the process of base substitution mutagenesis in vivo (23) . The interpretation that AMV reverse transcriptase stabilizes guanosinyl-AAF in the anti conformation requires that such a conformation be energetically feasible. Hingerty and Broyde (24) have calculated minimum potential energy conformations for a dinucleotide containing deoxyguanosinyl-AAF. As expected, numerous low-energy syn conformers were identified 7170 Biochemistry: Moore et al. but, in.addition, a single anti conformation was found with an acceptably low energy of 1.9 kcal/mol. An alternative explanation would be that, in the presence of AMV reverse transcriptase, cytosine forms a base pair with guanyl-AAF in the syn conformation. Reaction of N-acetoxy-AAF.with poly(dG-dC)poly-(dG-dC).favors the transition of the polymer from. the B to the Z conformation (25, 26) . In this form of the polymer, cytosine is in the anti conformation, whereas the guanine residues adopt the syn conformation so that the AAF adducts are external to the DNA duplex and do not interfere with base pairing (24, 26) . Calf thymus DNA and poly(dG)-poly(dC) modified with N-acetoxy-AAFilo not show the transition to Z form (27) ; therefore, the absence of any extensive runs of alternating purines and pyrimidines in the sequences we studied would appear to rule out the involvement of Z DNA structure in these experiments. Evidence that protein interactions can alter the conformation ofAAF-DNA has been obtained by studies with chromatin (28) . Although the precise conformation was not identified, it was found that insertion of the fluorene residue into the helix was prevented in AAF-DNA associated with histones in chromatin.
If the position of termination simply reflected the ability of the guanine-AF adducts to exist in either the syn or anti conformations, it would be expected that the acetylated adduct would-cause termination to-occur predominantly before the reacted guanine, whereas the deacetylated adduct would have a greater tendency to allow cytosine to be inserted opposite. This prediction does appear to hold for T4 DNA polymerase, which terminates more frequently opposite guanyl-AF than guanyl-AAF, and a similar tendency is seen with Pol I. However, the pattern is reversed for AMV reverse transcriptase, which apparently recognizes the deoxyguanosinyl-AAF nucleoside in the anti conformation but frequently terminates synthesis at the nucleotide before the deacetylated adduct. it out of the plane of the forming helix and eliminating the possibility of base pairing at this site. Alternatively, the presence of the fluorene residue in the major groove may be sufficient to impede further progress of the polymerase molecule.
As expected for lesions that block DNA synthesis, production of mutations by N-acetoxy-AAF occurs largely through the inducible error-prone repair pathway ofthe SOS system, although some mutagenesis takes place in the absence of induction (29) . In Salmonella and E. coli, most of the mutations produced by the various fluorene derivatives are frameshifts, although some base pair substitutions do occur (29, 30) . However, in the light of the ability of a replicating.DNA polymerase to influence the conformation of both acetylated and deacetylated aminofluorene adducts, we suggest that the relative potency of these compounds and ,the spectrum of mutants produced may vary depending on the particular enzymes involved in replicating the DNA. 
